The effect of 4 keV Ar þ ions on size-selected (MoO 3 ) n and (WO 3 ) n clusters, where n ¼ 30 6 1, deposited on highly ordered pyrolytic graphite was studied by x-ray photoelectron spectroscopy and atomic force microscopy. During deposition, both metal oxide clusters collected preferentially at step edges at low coverages, with larger cluster aggregates nucleating on the terraces at higher coverages. Under the influence of 4 keV Ar þ ion bombardment, both clusters initially experienced oxygen loss and corresponding reduction of the transition metal before the remaining species were sputtered from the surface. However, MoO 3 was only partially reduced to MoO 2 , while WO 3 was fully reduced to metallic tungsten. As a consequence of these variations in ion induced chemistry, changes in the surface morphology of MoO 3 and WO 3 following prolonged Ar þ exposure differed significantly. For (MoO 3 ) 3061 , the size of the clusters decreased, due to removal of MoO 2 fragments. In contrast, for (WO 3 ) 3061 , the formation of smaller sized clusters was also accompanied by the appearance of clusters that were much larger in size than the original "as deposited" clusters. The creation of these larger structures is ascribed to the mobility and coalescence of metallic tungsten species produced during the sputtering process. The contrast in the behavior of the molybdenum and tungsten oxide clusters illustrates the interplay that can exist between ion induced changes in speciation and morphology of deposited clusters.
I. INTRODUCTION
Transition metal oxide nanostructures have both technological and scientific significance due to their applications in the semiconductor industry and catalysis. 1 Nanosized clusters of transition metal oxides are especially interesting since they often exhibit novel electronic and magnetic properties compared to the corresponding bulk materials. 2, 3 In addition to size, the properties of clusters are influenced by their shape and composition. 4, 5 In most practical applications, clusters must be adsorbed onto solid surfaces. 6 However, although the properties of many clusters have been well studied in the gas phase, much less is known about the behavior of the corresponding surface bound clusters and how their composition and structure is modified by external stimuli, such as heat, light, and charged particles. 7, 8 Ion bombardment is a widely used means to fabricate, 9 modify, 10 clean, and analyze nanostructures. [11] [12] [13] For metal oxides, ion bombardment can directly remove material (physical sputtering) but also has the potential to change the chemical composition, metal oxidation state, and valence band structure. [14] [15] [16] [17] All of these transformations will affect both the chemical and physical properties of the nanostructures, independently or collectively. The effect of ion sputtering on thin films or bulk transition metal oxides has been extensively studied using a variety of different surface analytical techniques, e.g., x-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy, electron energy loss spectroscopy, and ultraviolet photoelectron spectroscopy. Many metal oxides (e.g., Nb 2 O 5 , MoO 3 , Ta 2 O 5 ) undergo reduction caused by preferential oxygen loss upon high-energy ($1-5 keV) ion bombardment, decreasing the metal's formal oxidation state and in some instances leading to the formation of metallic species. [18] [19] [20] [21] In addition to better understanding the extent to which ion induced chemical transformations observed in bulk materials and thin films can be extrapolated to chemically analogous nanosized clusters, there is also a need to understand how the structure of deposited clusters (e.g., size, shape, aggregation state) changes under the influence of ion bombardment. In this regard, structural transformations may arise as a result of the energy imparted to the surface during ion bombardment or as a consequence of differences in intrinsic reactivity and surface mobility of new species created as a consequence of ion bombardment. The study of such transformations is unique for deposited clusters since there is no analog for isolated gas phase clusters.
In a previous study, 22 we have demonstrated our ability to soft-land size-selected metal and metal oxide clusters on highly ordered pyrolytic graphite (HOPG) surfaces, and to control the coverage of deposited clusters by varying deposition time or beam current. In this paper, we have studied the effect of ion bombardment on size-selected molybdenum and tungsten trioxide (MoO 3 and WO 3 ) clusters. These two transition metal oxide clusters were chosen as prototypical examples of transition metal oxides due to their chemical similarity (being in the same periodic group) and also their importance in surface science and catalytic applications. Electronic mail: howardf@jhu.edu experiments on bulk samples and thin films of these transition metal oxides have shown that ion bombardment of molybdenum trioxides and tungsten trioxides leads to the formation of substoichiometric oxides and a reduction of the metal's oxidation state. For molybdenum trioxides, ion induced effects are restricted to the reduction of MoO 3 to MoO 2 , with no evidence of metallic species being formed by Ar þ ions in the energy regime from 400 eV to 5 keV. 18, 20, 26 However, for tungsten trioxides, metallic tungsten has been observed after sputtering with 3 and 5 keV Ar þ ions. 18, 26 In the present study, soft-landed, size-selected metal oxide clusters were prepared on HOPG prior to ion bombardment. The use of size-selected clusters deposited on an atomically smooth surface (HOPG) meant that changes in the structure and morphology of deposited clusters could be accurately probed by atomic force microscopy (AFM). Furthermore, the size of the deposited clusters was smaller than the inelastic mean free path of the photoelectrons created in XPS, which allowed XPS data to be used to quantify changes in both the speciation and concentration of the surface bound clusters. The focus of our study was to compare and contrast the effects of ion bombardment on the two different metal oxide clusters, with a particular emphasis on the relationship between changes in speciation and surface morphology. It should be noted that although the transformations we observe are caused by ion bombardment, they may also include contributions from the backscattered ions/neutrals produced by the interactions of the primary beam with the HOPG substrate.
II. EXPERIMENT
Molybdenum oxide and tungsten oxide cluster anions were produced using a magnetron sputter ion source that has been described in detail previously. 22 Once produced, the molybdenum oxide cluster anions were extracted from the source chamber and then accelerated to 1000 V, while tungsten oxide clusters were accelerated to 500 V (based on our experience, using smaller voltages makes it easier to mass select heavier clusters). Mass selected (MoO 3 ) 3061 À , (WO 3 ) 3061 À , or (WO 3 ) 1961 À cluster anions were produced by passing the ion beam through a magnetic sector mass spectrometer and then refocused and collimated by a series of ion optics, before reaching the deposition chamber where they were decelerated to kinetic energies of less than 0.1 eV per cluster and soft-landed onto a freshly cleaved HOPG substrate. The target was at room temperature and the pressure during cluster deposition was typically $10 À8 mbar. Following cluster deposition, samples were removed from the deposition chamber and the coverage and chemical composition of the deposited clusters were determined using XPS in a PHI 5400 XPS system. Peak positions in the spectra were referenced to the C(1s) graphite peak (284.5 eV) of the HOPG substrate, and metal oxidation states were fit using mixed Gaussian(30%)/Lorentzian(70%) envelopes. Deposited clusters were also modified in the PHI 5400 XPS system by ion bombardment using a PHI 04-303 sputtering ion gun operated at 4 keV beam voltage, 25 mA emission, and 25 mPa pressure of Ar. Ion bombardment was alternated with in situ XPS acquisitions at 30 s intervals. The ion flux [6.16 Â 10 17 ions/(s cm 2 )] was calculated from the target current (converted to number of ions) measured on the sample during ion bombardment divided by the sample's surface area (the sample surface is fully covered by the ion beam). The ion dose was determined by simply multiplying the ion flux by the exposure time.
To characterize the surface structure of clusters, ex situ AFM images [PicoSPM LE AFM (Agilent Technologies)] were acquired both as a function of increasing cluster coverage and as a function of argon ion dose. Samples were removed from the vacuum chamber after deposition and/or argon ion bombardment and adhered to an AFM sample plate using double-sided carbon tape. All image rendering and height measurements were performed with commercially available software from Agilent Technologies. Analysis by AFM revealed that the coverage of clusters on the edge of the HOPG sample was smaller than in the middle. Consequently, we used the optical microscope attached to the AFM to help position the tip in the middle of each sample prior to imaging. In principle, the AFM tips can also pick up or move loosely bound clusters. We verified that this effect was not playing a role in our studies by checking that the AFM images we acquired were identical when the same region of the sample was repeatedly imaged. In some instances this required us to adjust the scan speed.
III. RESULTS AND DISCUSSION
A. Cluster deposition clusters preferentially attach to step edges. Such a phenomenon has been observed in other systems (especially metal clusters, 27 but also for metal oxide nanoparticles [28] [29] [30] ) and is an indication of high cluster mobility and a lower nucleation barrier at step edges. This greater ease of nucleation at step edges is because the step edges consist of carbon atoms with fewer coordination numbers, free radicals, alcohols, carbonyls, or carboxylic acids and are more likely to trap clusters than the carbon atoms on the terraces. 30 As the cluster coverage increases, the clusters saturate the step-edge adsorption sites and larger structures composed of cluster aggregates appear on the HOPG terraces, presumably as a result of favorable cluster-cluster interactions. As the coverage increases, further cluster aggregates continue to populate the terrace and Figs. 1(c) and 1(f) show that the HOPG surface becomes saturated with adsorbed clusters in a loosely packed arrangement at high coverage.
B. Effect of ion bombardment on deposited clusters
As an initial step, XPS was used to establish the effect of ion dose on the chemical composition, bonding, and concentration of adsorbed (MoO 3 ) 3061 and (WO 3 ) 3061 clusters. In summary, the XPS data shown in Fig. 2 reveal that ion bombardment transforms the oxide clusters in two largely sequential steps; ion induced reduction of the transition metal due to oxygen loss, followed by sputtering of the reduced species. The principle difference between molybdenum and tungsten oxide clusters is the extent of ion induced reduction that occurs prior to the onset of sputtering.
The initial coverage of (MoO 3 ) 3061 and (WO 3 ) 3061 clusters shown in the bottom x-ray photoelectron (XP) spectra of Figs. 2(a) and 2(b) correspond to the same cluster coverages as the AFM images of Figs. 1(c) and 1(f), respectively. For (MoO 3 ) 3061 clusters, the evolution of the Mo(3d) region under the influence of Ar þ ion bombardment is shown in Fig.  2(a) . Prior to ion bombardment (ion dose ¼ 0), the spectral envelope contains two peaks, centered at 232.5 and 235.6 eV, with an intensity ratio of 3:2 due to Mo(3d 5/2 ) and Mo(3d 3/2 ) transitions (D ¼ 3.1 eV); the Mo(3d 5/2 ) peak position is indicative of Mo atoms in a highly oxidized state, consistent with the formal þ6 oxidation state of Mo in MoO 3 . For comparatively small ion doses (<1.0 Â 10 21 ions/cm 2 ), changes to the Mo(3d) envelope are dominated by a broadening of the overall spectral envelope to lower binding energies in the absence of any significant change in the integrated peak area. In this region, the spectral envelope can be reasonably well fit by a combination of fully oxidized MoO 3 clusters and two new Mo(3d 5/2 , 3d 3/2 ) doublets associated with the production of Mo(V) and Mo(IV) species. To optimize the reliability of our spectral deconvolution, all of the Mo peak positions were based on literature XPS studies where single component molybdenum species (Mo, MoO 2 , or MoO 3 ) were prepared and the Mo(3d 5/2 , 3d 3/2 ) peak positions identified. 31 For an ion dose of 1.0 Â 10 21 ions/cm 2 , Fig. 2 shows that reduction of the parent MoO 3 cluster species to MoO 2 is essentially complete. For larger ion doses, a steady decrease in spectral intensity within the Mo(3d) region is observed while the shape of the spectral envelope itself remains unchanged. A comparison with the reference spectrum of a metallic Mo sample (shown in the uppermost left-hand spectrum of Fig. 2 ) confirms that ion induced reduction of (MoO 3 ) 3061 is restricted to the conversion of Mo(VI) to Mo(IV).
The corresponding XP spectra showing the changes in the W(4f) region of (WO 3 ) 3061 clusters adsorbed on HOPG as a function of Ar þ ion dose are presented in Fig. 2(b) . Upon deposition (ion dose ¼ 0) the W(4f) spectral envelope can be well fit with two dominant peaks, centered at 35.9 and 38.0 eV and an intensity ratio of 4:3. The binding energy separation (2.1 eV) is consistent with the spin-orbit splitting between W(4f 7/2 ) and W(4f 5/2 ) transitions, while the W(4f 7/2 ) peak position (35.9 eV) is indicative of tungsten atoms in a formal þ6 oxidation state associated with the "as deposited" WO 3 clusters. A small contribution ($10.0%) to the W(4f) envelope is ascribed the W(4f 7/2 , 5/2 ) doublet associated with W(þ5) species, with a W(4f 7/2 ) peak position at 34.9 eV. During the initial stages of argon ion bombardment (ion dose 2.6 Â 10 20 ions/cm 2 ), the W(4f) peak broadens to lower binding energies, analogous to the behavior of the Mo(3d) region for (MoO 3 ) 3061 clusters. In this regime, the W(4f) spectral envelope can be fit to a combination of the W(4f 7/2 , 5/2 ) doublet associated with the native W(VI) species along with two additional W(4f 7/2 , 5/2 ) doublets with W(4f 7/2 ) peak positions at 34.7 and 33.3 eV that can be ascribed to W(V) and W(IV) species, respectively. However, for larger ion doses (>5.9 Â 10 20 ions/cm 2 ), and in contrast to the behavior of the Mo(3d) region for MoO 3 clusters, the W(4f) spectral envelope continues to broaden to lower binding energies. Spectral deconvolution of the W(4f) envelope in this regime reveals the appearance of a new W(4f 7/2 , 4f 5/2 ) doublet with a W(4f 7/2 ) peak position at 31.2 eV, whose presence indicates the formation of metallic tungsten. At even higher argon ion doses (>1.0 Â 10 21 ions/cm 2 ), the metallic W peaks become the dominant features while the overall intensity in the W(4f) region decreases. A reference XP spectrum of a sputter cleaned metallic tungsten sample [shown in Fig. 2(b) ] confirms that ion induced reduction of WO 3 clusters produces metallic W(0). It should be noted that the effect of Ar þ ion bombardment was also examined on smaller size (WO 3 ) 1961 clusters (molecular weight ¼ 4404), which have a nearly equal mass to (MoO 3 ) 3061 (molecular weight ¼ 4318). The XPS results, shown in the supplementary information (Fig. S1) , 32 indicate a very similar trend in behavior between the (WO 3 ) 1961 and (WO 3 ) 3061 clusters.
The XP spectra in Fig. 2 reveal that MoO 3 clusters were only partially reduced to MoO 2 , while WO 3 clusters were reduced to metallic tungsten. This difference is consistent with previous studies on bulk and thin films of MoO 3 and WO 3 , 18, 20, 26 indicating that the effects of ion bombardment are similar for deposited clusters. The different phenomena observed for MoO 3 versus WO 3 upon sputtering is at least in part a reflection of the significant difference in the mass of argon (40 amu) and either oxygen (16 amu) or molybdenum (96 amu) atoms compared to the mass difference between argon (40 amu) and tungsten (184 amu). 15 These mass differences mean that the effective momentum transfer between incident argon ions and tungsten atoms will be much less efficient than that to either oxygen or molybdenum, facilitating WO 3 reduction. These effects and other phenomena that contribute to different ion induced effects on metal oxides can be found in previous papers. 33 Further ion bombardment caused MoO 2 and W to be sputtered from the surface. The sputtering process, which occurs for ion doses in excess of approximately 1.0 Â 10 21 ions/cm 2 , is evidenced by a systematic decrease in the signal intensities within the Mo(3d) and W(4f) regions (see Fig. 2 ), while the spectral envelopes remain unchanged.
To complement XPS data, AFM images were used to determine how argon ion dose affected the structure, size, and concentration of adsorbed clusters. By acquiring AFM images on samples that had been analyzed by XPS after ion bombardment we could investigate how the structure of the adsorbed clusters responds to the chemical transformations induced by ion bombardment. Fig. 3(a) shows that they are relatively uniformly deposited on the HOPG surface. After an ion dose of 1.0 Â 10 21 ion/cm 2 [ Fig. 3(b) ], there is little obvious change in the shape of the adsorbed clusters, except perhaps for a slight reduction in the cluster coverage and size. Based on the corresponding XPS data this image corresponds to the ion dose required to induce complete reduction of MoO 3 to MoO 2 , in the absence of any significant MoO 2 sputtering. Since any MoO 2 clusters produced in vacuum will reoxidize upon air exposure 22 prior to AFM imaging, we would not expect to see any significant change in the structure of the clusters. This is consistent with the similarity in structure and cluster size observed between the as deposited and ion exposed MoO 3 clusters in Figs. 3(a) and 3(b) , respectively. After an ion dose of 1.8 Â 10 21 ion/cm 2 [ Fig. 3(c) ], however, a significant decrease in the size of the remaining clusters occurred [note the difference in height scale for Fig. 3(c) ]. This is consistent with the onset of MoO 2 sputtering as observed for the same ion dose by XPS (Fig. 2) . For even larger ion doses AFM results showed that the vast majority of the clusters were removed from the surface, leaving behind a comparatively flat HOPG substrate (data shown in supplementary information, Fig. S2 ). 32 For the (WO 3 ) 3061 clusters, the initial structure prior to sputtering [ Fig. 3(d) ] is similar to that observed for the (MoO 3 ) 3061 clusters [ Fig. 3(a) ]. After an argon ion dose of 1.0 Â 10 21 ion/cm 2 [ Fig. 3(e) ] the two-dimensional coverage of tungsten clusters decreased and the underlying HOPG substrate is now clearly visible in places consistent with the XPS data for the same ion dose, which reveals that a large fraction of the WO 3 clusters has been fully reduced to metallic tungsten and the coverage of tungsten atoms has begun to decrease. However, as the ion dose was increased further to 1.8 Â 10 21 ion/cm 2 [ Fig. 3(f) ], at a point where the XPS data in Fig. 2 indicate that the prevalent change involves a loss of metallic tungsten atoms, a dramatic change in the structure of the tungsten clusters was observed by AFM. Specifically, a small number of extremely large structures had formed. This is perhaps most apparent in Figs. 3(e) and 3(f) by noting the change in height scale for Fig. 3(f) . To check the validity of this phenomenon we conducted separate ion bombardment experiments on a different (WO 3 ) 3061 sample and observed the same changes in the AFM images. It is also worth noting that numerous smaller clusters are also present after an ion dose of 1.8 Â 10 21 ion/cm 2 , although they are not observed in the image because their presence is obscured by the increase in height scale needed to capture the large structures that had formed. A representative AFM image highlighting the presence of these smaller clusters is shown in Fig. 4 . Figure 5 shows more quantitative information on the effect that Ar þ ion bombardment has on cluster heights, obtained by (top) comparing AFM line scans taken through the clusters observed after an ion dose of 1. Fig. 3 . In contrast, for the (WO 3 ) 3061 clusters exposed to the same ion dose the size of the remaining clusters increased to 4.2 6 1.4 nm.
We hypothesize that the appearance of a small number of much larger clusters compared to the as deposited oxide clusters is a consequence of the mobility and subsequent coalescence of small metallic tungsten clusters produced during WO 3 bombardment. This assertion is consistent with previous observations on the increased mobility of smaller clusters and metal versus metal oxide clusters. 22 Ion bombardment could also help to initiate metal cluster coalescence by providing additional energy to the surface, which would facilitate the diffusion and coalescence process. For metallic tungsten, evidence of such an effect has been observed in a previous study where ion bombardment transformed small bunches of tungsten nanowires into tungsten cones. 34 It should also be noted that we also observed many small ($0.7 nm in height) tungsten clusters after this ion dose (see Fig. 4 ). These clusters could be pinned by defects created by the sputtering process, or be too large for cluster mobility. The idea that cluster size may be influencing the mobility and/or coalescence properties of the metallic tungsten clusters is also supported by the absence of large aggregates at lower ion doses, where XPS data revealed that metallic tungsten had already formed. The absence of significant coalescence phenomena during ion irradiation of MoO 3 is entirely consistent with the reduced mobility and propensity to coalesce expected for metal oxide clusters compared to metal clusters.
IV. SUMMARY AND CONCLUSIONS
During the initial stages of bombardment, the ion induced reduction of MoO 3 clusters to MoO 2 produces little change in the structure or size of the adsorbed clusters. However, larger ion doses induce sputtering of MoO 2 and a decrease in the cluster size. For (WO 3 ) 3061 clusters, the W(VI) atoms in WO 3 are completely reduced to W(0) by ion bombardment. We hypothesize that the mobility and coalescence of sufficiently small metallic tungsten clusters formed during ion bombardment leads to the appearance of a small concentration of new larger sized clusters. Thus, although molybdenum and tungsten are in the same group in the periodic table, ion bombardment produces very different changes in their composition and surface morphology. In a broader sense, this study also demonstrates the important interplay that can exist between the ion induced chemical modification and structure of adsorbed clusters.
